Raman enhancement techniques are essential for fundamental studies in light-matter interactions and find widespread application in microelectronics, bio-chemical sensing, and clinical diagnosis. Two-dimensional (2D) materials and their van der Waals heterostructures (vdWHs) are emerging rapidly as potential platforms for Raman enhancement. Here, we experimentally demonstrate a new technique of Raman enhancement driven by nonradiative energy transfer (NRET) achieving a 10-fold enhancement in the Raman intensity in a vertical vdWH comprising of a monolayer transition metal dichalcogenide (1L-TMD) placed on a multilayer SnSe 2 . Consequently, several weak 1 arXiv:2003.09605v1 [cond-mat.mes-hall] 21 Mar 2020
Introduction
Van der Waals heterostructures (vdWHs) offer multitude of design opportunities with diverse degrees of freedom such as choice of materials with required properties and functionalities from the vast 2D family, stacking angle, tunable interlayer interactions and heterogeneous integration with mixed dimensional systems. These design advantages coupled with the strong light-matter interactions, realization of pristine interfaces, inherent immunity to lattice mismatch, and easy prototyping render unprecedented opportunities for implementing novel device functionalities for electronics and optoelectronics. [1] [2] [3] These atomically sharp 2 junctions along the vertical direction allow probing and manipulation of electronic properties in atomic length scale.
With closest possible physical spacing between two layers in a vdWH, Coulomb interaction enables strong interlayer dipole-dipole coupling and results in nonradiative energy transfer (NRET) from one layer (donor) to another (acceptor). The efficiency of NRET essentially depends on the physical separation and the relative orientation of the dipoles between the donor and the acceptor, the acceptor oscillator strength and the spectral overlap between the donor's emission and the acceptor's absorption. 4 Monolayer transition metal dichalcogenides (1L-TMDs) possess large excitonic oscillator strength facilitated by strong binding energies due to confinement in the ultra-thin layer and reduced dielectric screening. The physical proximity and the in-plane orientation of the transition dipoles in each layer provide the ultimate near field coupling generating strong NRET as proven from recent studies on photoluminescence (PL) enhancement. [5] [6] [7] Raman spectroscopy is a widely used rapid and non-invasive technique to probe light-matter interactions in vdWHs. Peak position and linewidth of Raman modes are useful probes of strain, defects and electron-phonon coupling (EPC) in 2D materials. 8-10 Ultra-low frequency(ULF) Raman spectroscopy reveals new Layer Breathing (LB) modes as signatures of the interlayer coupling in a vdWH. 11, 12 Raman studies on vdWHs also help to probe EPC across different layers. 13, 14 Along with fundamental studies, Raman spectroscopy on 2D/molecular hybrids has recently attracted a lot of attention for analytical applications like bio-chemical sensing. 2D materials [15] [16] [17] and vdWHs 18 have emerged as potential platforms to engineer Raman enhancement techniques such as Surface enhanced Raman scattering (SERS) substrates for strong Raman enhancement through charge transfer interaction.
Motivated by the strong NRET efficiency in vdWHs, here we study the prospect of Ra-man enhancement in a heterojunction of 1L-TMD and multilayer SnSe 2 through NRET. We experimentally demonstrate NRET driven 10-fold Raman enhancement using two different stacks, 1L-WS 2 /SnSe 2 and 1L-MoS 2 /SnSe 2 and also when 1L-TMD and SnSe 2 are separated by a barrier layer like hBN. Interestingly, while Raman enhancement through NRET has been theoretically predicted for some systems (for example, molecules adsorbed on semiconductors through excitonic excitations in the semiconductor to the intermediate states of
Raman scattering in the molecules 19,20 ), to date, NRET driven Raman enhancement has not been demonstrated on any material system. Rather, NRET is commonly attributed to the quenching of the fluorescence background of molecules adsorbed on SERS metallic substrates. 21, 22 Results and discussion WS 2 /SnSe 2 (J 1 ) and MoS 2 /SnSe 2 (J 2 ) samples are prepared by dry transfer method 23 on a pre-cleaned Si substrate coated with 285 nm thick SiO 2 (see Methods). The thickness of SnSe 2 in both J 1 and J 2 is about 11 nm (see Figure S1 in Supporting Information for optical image and AFM characterization). Raman and PL measurements are carried out on these samples at 293 K with 633 and 532 nm excitations. Figure 1a -b show the Raman intensity mapping images with 633 nm excitation for J 1 and J 2 corresponding to A 1g mode of 1L-TMD (419 cm -1 for WS 2 and 405 cm -1 for MoS 2 ). Both the samples exhibit strong Raman intensity enhancement on the junction area. Figure 1c Figure 1g shows the type-I junctions formed by both MoS 2 and WS 2 with multilayer SnSe 2 . A 1s exciton peak of MoS 2 and WS 2 lies at 1.9 eV and 2.02 eV at 293 K respectively while SnSe 2 has a direct band gap absorption at about 2 eV. 26-31 SnSe 2 is a degenerately doped n-type semiconductor [32] [33] [34] with indirect band gap of 1.1 eV. On 532 nm (∼ 2.33 eV) excitation, carriers are excited to higher order states of 1L-TMD above A 1s as shown in Figure 1h . These excited carriers quickly relax to lower energy states available in SnSe 2 at its indirect band gap through charge transfer. In vdWHs, such charge transfer occurs in the timescale of sub-ps. 35, 36 On the other hand, the time scale of Raman process in 1L-TMD can be estimated to be tens of ps from the linewidth of Raman peaks. So, the carriers from 1L-TMD can quickly transfer to SnSe 2 before scattering with a phonon mode quenching the Raman intensity on the junction. With a similar charge transfer argument, In order to decouple the extent of the roles of optical interference, excitation resonance, charge transfer and energy transfer in Raman enhancement on 1L-TMD/SnSe 2 , we carry out Raman measurements with 532 and 633 nm excitations on multiple samples of MoS 2 stacked on two different materials -hBN and SnSe 2 , of various thicknesses (see Figure S2 , S3
and S4 of Supporting Information for sample details). We choose hBN as a reference due to its high band gap of ∼ 6 eV 39, 40 which forbids any charge or energy transfer interaction with MoS 2 . In order to analyze the Raman intensity modulation due to optical interference effects, we first simulate (see Methods for simulation details) the Raman intensity ratios for different samples from the calculations of E in and E sc on the junction (E jun in , E jun sc ) and
on the isolated 1L-TMD (E iso in ,E iso sc ) as depicted in Figure 2a .
To estimate the Raman intensity ratio from experimental data across different samples, we consider the ratio I jun I iso of A 1g intensity of 1L-TMD on the junction (I jun ) to that on the corresponding isolated 1L-TMD (I iso ). A 1g is chosen over E 1 2g for data analysis as A 1g is relatively less sensitive to any possible strain. 41 Figure 2b shows the experimental (solid symbols) and the field simulated (open symbols) Raman intensity ratios for MoS 2 as a function of hBN thickness with 532 nm excitation, suggesting strong monotonic quenching with an increase in hBN thickness. On the other hand, the Raman intensity ratio with 633 nm excitation exhibits a non-monotonic trend with increasing hBN thickness as shown in Figure 2c . As the trends of the experimental and simulated ratios closely follow each in both cases, we infer that Raman intensity modulation on MoS 2 /hBN is mainly due to interference effects. Although the field simulation matches closely with the trend of the experimental ratios, note that, for 633 nm excitation, there is a small disparity between the two in terms of the absolute values. The origin of this disparity could be due to a possible difference in optical quality of MoS 2 on hBN, doping effects, 42 or permanent dipole-dipole coupling 6 between 1L-TMD and hBN due to its polar nature. 15 On the contrary, in the MoS 2 /SnSe 2 samples, the experimental values of Raman intensity ratio are significantly higher than the field simulation results, for both 532 (Figure 2d properties of SnSe 2 , 26 indicates a fundamentally different mechanism, namely, NRET at play.
Effect of energy transfer on Raman Intensity of 1L-TMD: Note that the experimental Raman intensity is ∝ |E in | 2 |E sc | 2 |α Ram | 2 , and the field simulated intensity is ∝ |E in | 2 |E sc | 2 .
By assuming that NRET only modulates the Raman polarizability α Ram (that is, NRET and interference effects are decoupled), to quantify the Raman enhancement originating entirely from NRET mechanism, we define 'NRET Raman enhancement' (η N RET ) of MoS 2 /SnSe 2 junction as
and plot in red triangular symbols in the right axes of Figure 2d -e. Such decoupling assumption is well valid in our context since the experimental data suggests that the Raman scattering by incident absorption in 1L-TMD is much weaker relative to NRET driven Raman scattering. Also, considering the possible charge transfer induced Raman intensity quenching, η N RET provides an estimate of the lower limit of the Raman enhancement due to NRET. The influence of other effects such as doping and strain on the Raman enhancement can be safely ignored as we do not observe any significant shift or broadening of the E 1 2g and A 1g peaks on the junction relative to the isolated 1L-TMD (see Figure S5 of Supporting Information). Modulation of NRET driven Raman enhancement through spectral overlap tuning: The Raman enhancement across 1L-TMD/SnSe 2 junction can be modulated by tuning the spectral overlap between 1L-TMD and SnSe 2 as it is one of the key factors governing the NRET efficiency. Here, we achieve this spectral overlap tuning by means of shifting the exciton peak of 1L-TMD with a change in the sample temperature from 243 to 453 K, keeping the excitation wavelength fixed at 633 nm (1.96 eV). Figure 4a shows the position of WS 2 A 1s peak on isolated WS 2 and junction extracted as a function of temperature using 532 nm excitation. Isolated WS 2 and junction follow a similar trend in A 1s peak position with temperature change and resonance occurs between A 1s and 633 nm excitation around ∼ 423 K. Similar trend is also verified from temperature dependent differential reflectance measurements (see Figure S7 in Supporting Information). The shift in the exciton peak of WS 2 relative to the direct band gap of SnSe 2 modulates the spectral overlap across 1L-
We collect Raman spectra (at 633 nm) from isolated WS 2 and WS 2 /SnSe 2 junction of sample J 1 at different temperatures from 243 K to 453 K in steps of 10 K. Figure 4b shows the plot of A 1g intensity of isolated WS 2 (blue symbols) as a function of A 1s peak position where intensity goes up as exciton peak moves closer to the excitation energy with increasing temperature. To verify this trend, data in Figure 4b (blue symbols) is modeled
Here, ω is the excitation energy, ω exc and γ exc are the energy position and the broadening of the exciton peak respectively and Ω is the A 1g phonon mode energy. 19,43 ω exc , γ exc and Ω are taken from the experimental data at the corresponding temperatures (see Figure S8 in However, Figure 4c shows the WS 2 A 1g peak intensity profile on the WS 2 /SnSe 2 junction which exhibits a completely different trend from the isolated WS 2 . As the isolated WS 2 and the junction exhibit very similar exciton peak position ( Figure 4a ) at any given temperature, the difference in their Raman intensity profiles implies a change in α Ram on the junction through interlayer coupling in the form of NRET. Any role of charge transfer in the change of α Ram can be neglected as charge transfer process is weakly affected by the temperature. η N RET on the junction is modulated with temperature as highlighted in red symbols of Figure 4c along the right axis which exhibits a broad peak around 293 K. To verify sample integrity under heating, we also sweep the temperature in the reverse direction (from 453 to 243 K) and similar results as forward sweep are obtained. Another WS 2 /SnSe 2 sample, J 3 (see Figure S9 of Supporting Information) also exhibits a very similar trend of η N RET . Conforming to the modulation of NRET efficiency by spectral overlap tuning, PL enhancement on the junction also peaks around 293 K (see Figure S8d in Supporting Information).
The mechanism of η N RET with spectral overlap tuning is schematically illustrated in Figure 4d. Left panel of Figure 4d shows representative PL spectra of WS 2 on the junction at four different temperatures delineating the exciton (X) and the trion (T) peaks. The position of excitation energy (1.96 eV) is highlighted along the red line across these different spectra.
The extreme right panel of Figure 4d represents the spectral overlap between A 1s exciton of WS 2 and direct bandgap of SnSe 2 at four different temperatures with
We denote the strength of NRET between WS 2 and SnSe 2 by V which is modulated by spectral overlap. The middle panel of Figure 4d illustrates the process of Raman scattering in WS 2 on the WS 2 /SnSe 2 junction at different temperatures. At temperature T 1 (≈ 243 K), A 1s is at higher energy above the excitation and direct gap of SnSe 2 . With increase in temperature to T 2 (≈ 293 K), resonance occurs between WS 2 and SnSe 2 resulting in strong η N RET . When temperature is further increased to T 3 (≈ 423 K) where excitation is resonant with A 1s of WS 2 , Raman intensity from isolated WS 2 becomes maximum. However, as A 1s lowers below the band gap of SnSe 2 , V decreases resulting in a suppressed Raman intensity enhancement on the junction. As the NRET weakens, destructive interference in the stack starts dominating quenching the Raman intensity on the junction at T 3 , despite the excitation being resonant to WS 2 . With further increase in temperature from T 3 to T 4 (≈ 453 K), V lowers further due to further decrease in the spectral overlap. Note that, the Raman scattering is shown only from exciton states despite the overlap of trion states with the 1.96 eV excitation. Any trion-phonon scattering is considered to be negligible due to stronger contribution of exciton-phonon scattering from a doubly resonant Raman process. This is indicated by the absence of any peak in the isolated WS 2 A 1g intensity profile (Figure 4b) around trion resonance with 1.96 eV.
To quantify η N RET , we adopt a model 19 by considering the photon-field interaction with the coupled Hamiltonian of the junction interacting through energy transfer. With a restriction to the first order in the displacement associated with vibrational mode of energy Ω, and neglecting the dispersion of exciton states, the ratio of Raman polarizability of the junction to that of the isolated 1L-TMD is expressed as 19
M exc and M f describe the matrix elements of exciton transition and e-h transition at the energies ω exc and ω f in WS 2 and SnSe 2 respectively as illustrated in the middle panel of Figure   4d . 
Conclusion
To summarize, we demonstrated nonradiative energy transfer driven 10-fold enhancement in Raman intensity from a 1L-TMD when placed on a multilayer SnSe 2 . We corroborate the evidence for this mechanism by decoupling NRET from other effects of optical interference, excitation resonance and charge transfer using systematic experiments and modeling. We Monolayer nature of transferred 1L-TMD is confirmed from Raman and PL measurements.
All the measurements at 293 K are carried out without annealing the samples. However, measurements taken with heating the stack during or after its preparation did not show any significant change from the measurements on non-annealed samples.
Raman and PL measurements: All the Raman and PL measurements along with Raman mapping at 293 K on different heterostructure samples are carried out with ×100 objective. To simulate the net field of scattered light (E sc ), we simulate the structures as in the right panel of Figure 2a with FDTD simulations to compute E jun sc and E iso sc . As A 1g mode has relatively smaller Raman shift from the incident wavelength, both TM and FDTD simulations are performed at the wavelength of incident excitation. Raman intensity ratio from simulation is estimated by the product of incident field ratio, R in = |E jun in | 2 |E iso in | 2 calculated from TM method and scattered field ratio, R sc = |E jun sc | 2 |E iso sc | 2 , calculated from FDTD simulations. While doing so, similar electron-phonon coupling is assumed in 1L-TMD on the junction and the isolated regions. We obtain the values of R in ∼ R sc that verifies the usual approximation Energy (eV) 12 nm SnSe 2 at 4 K Figure S6 : Dierential reectance spectroscopy on SnSe 2 . Broad ∆R R spectra of 12 nm SnSe 2 from dierential reectance spectroscopy at 4 K. Figure S7 : Temperature dependent Dierential reectance spectroscopy on WS 2 in sample J 1 . (a) ∆R R spectra from isolated WS 2 at dierent temperatures from 243 K to 453 K which represent shift of A 1s exciton peak. (b) Temperature versus A 1s peak energy contour plot from WS 2 ∆R R spectra where blue region depicts the ∆R R minima. (c) A 1s peak position as a function of temperature extracted from ∆R R minima and 532 nm PL. 
